Introduction {#Sec1}
============

Kawasaki disease (KD) is a self-limiting, acute febrile disease affecting children of all ages, although mainly before the fifth year. Kawasaki disease is characterized by acute vasculitis and inflammation, predominantly affecting medium sized arteries including the coronary arteries where inflammation can lead to coronary artery aneurisms (CAA) \[[@CR1]\] and at a later stage cause coronary thrombosis \[[@CR2]\]. Due to the cardiac involvement, KD is the leading cause of acquired heart disease in children in the western world \[[@CR3], [@CR4]\].

The diagnosis is based on clinical criteria with fever of \> 5 days and the presence of ≥4 out of 5 clinical features (erythema of the extremities, erythematous rash, conjunctivitis, oral changes and cervical lymphadenopathy) \[[@CR1], [@CR5]\]; however, no specific test or aetiology has been established. Standard treatment is intravenous immunoglobulin (IVIG) and low-dose acetylsalicylic acid (ASA) \[[@CR3], [@CR6]\]. Studies indicate that KD is triggered by an abnormal autoimmune response caused by an infection \[[@CR7]--[@CR9]\], but no definitive agent has been found. The potent anti-inflammatory effect of immunoglobulin treatment in the early stages of the disease indicates that autoimmunity or auto-inflammation could be essential in KD \[[@CR10], [@CR11]\], which one of these factors that are the most important has not been clarified \[[@CR10]\]. However, this observation could suggest that KD might be a severe autoimmune manifestation in a child predisposed to other autoimmune diseases later in life. Yet, no long-term follow-up studies have yet investigated this theory.

The objective of the present study was to investigate both long-term outcomes including all-cause mortality, ischemic heart disease, but also with a special focus on the development of autoimmune disease and cancer in patients diagnosed with KD in Denmark.

Methods {#Sec2}
=======

Study design and patients {#Sec3}
-------------------------

This is a nationwide, registry-based matched cohort follow-up study of incident KD during 1981--2015 in Denmark. Any hospitalization and diagnoses (primary and secondary) since 1977 are recorded upon discharge in the Danish National Patient Registry (NPR). We identified all patients with a registered diagnosis of KD since 1981, when the diagnosis code was made available. These data include outpatients and data from hospital admissions. General practitioners do not register diagnoses in the national registers. Before 1994, we used the International Classification of Disease version 8 (ICD-8) 446.1 and from 1994 onwards; we used the ICD-10 code M30.3 to identify patients with KD. We only included KD patients below 21 years of age and matched KD patients 1:5 to population controls using birth year, gender and incident month of the KD diagnosis as matching criteria. Twenty KD patients were not successfully matched to cohort controls. These patients all had KD diagnosed in the last month (December 2015) of the observation period, leaving 820 KD patients and 4080 cohort controls.

Data sources {#Sec4}
------------

All Danish residents are given a unique personal social security number, either upon birth or upon immigration, which allows exact linkage between nationwide registries. The Civil Registration System (CRS), under which this unique identifier is stored, also keeps information regarding gender, birth date and death including date of death. The Danish Cause of Death Register contains information on the presumed cause of death. If an autopsy was performed the cause of death is based on those findings. In addition to be the primary source of identification of KD patients, we also used the NPR to assess outcomes of stroke, heart failure, mitral valve regurgitation, autoimmune diseases, cancer, ischaemic heart disease (IHD) and acute myocardial infarction. Similarly, the register was used to identify percutaneous coronary interventions (PCI) and coronary artery bypass grafting (CABG), although no patients had such procedures performed. The Danish National Prescription Registry, which holds information on all redeemed prescription medications since 1995, enabled us to assess whether patients were prescribed and redeemed any ASA and/or anticoagulants in the course after KD.

Outcomes {#Sec5}
--------

From the initial KD diagnosis, with mortality as competing risk we studied mortality and the time to event of the following outcomes: ischemic heart disease, stroke, heart failure, mitral valve regurgitation, PCI or CABG, cancer and all-cause mortality. According to the study by Eaton et al. \[[@CR12]\] we analysed multiple autoimmune diseases (thyrotoxicosis, autoimmune thyroiditis, type 1 diabetes, primary adrenocortical insufficiency, celiac disease, pernicious anaemia, autoimmune haemolytic anaemia, idiopathic thrombocytopenic purpura, Henoch--Schönlein purpura, multiple sclerosis, Guillain Barre syndrome, iridocyclitis, Wegener's granulomatosis, Crohn's disease, ulcerative colitis, primary biliary cirrhosis, chronic hepatitis, interstitial cystitis, endometriosis, pemphigoid, pemphigus, psoriasis vulgaris, psoriasis arthritis, alopecia areata, vitiligo, rheumatoid arthritis, dermatopolymyositis, myositis, polymyalgia rheumatic, myasthenia gravis, systemic sclerosis, systemic lupus erythematosus and Sjögren's syndrome). All outcomes were analysed and compared with an age- and sex-matched control group. All patients were followed until death, any non-fatal event or until 31 December 2015, whichever came first.

Statistical analysis {#Sec6}
--------------------

Clinical characteristics were described as follows: Categorical variables were presented as counts and percentages and were analysed with the *χ*^2^ test; and continuous variables were presented as median and 25--75% percentiles and analysed using the Wilcoxon--Mann-Whitney test. Outcome rates were compared between the two groups by using Cox proportional hazards analysis. A two-sided *p* value of less than 0.05 was considered statistically significant. Data management and statistical analyses were performed using SAS version 9.4 and R, version 3.5.0.

Ethics {#Sec7}
------

This study was approved by the Danish Data Protection Agency (Ref. number 2007-58-0015, local number GEH-2014-018, I-suite number 02736). Ethical approval is not required for register-based studies in Denmark. All analyses were performed on secure servers placed at Statistics Denmark.

Results {#Sec8}
=======

During 1981--2015, 820 patients were registered in the Danish National patient Registry with a KD hospitalization in Denmark. This population was compared with 4080 age- and sex-matched controls.

The median age at KD diagnosis was 3 years (Q1-Q3; 2--6); 359 children (44%) were \< 5 years. The median follow-up period was 12 years (Q1-Q3; 5--20); and 61.3% were males.

Data on low dose ASA (75 mg) was available from year 1995 and onwards. During 1995--2015, 640 cases with KD were identified and 246 patients (38.44%) redeemed a prescription for ASA within the first 90 days after KD (Table [1](#Tab1){ref-type="table"}).Table 1Clinical characteristics of the study populationClinical characteristicsKawasaki disease (*n* = 820)Matched controls (*n* = 4080)Age, median {Q1-Q3}; (Range: min-max)3.0 {2.0--6.0}; (0.0--20.0)3.0 {2.0--6.0}; (0.0--20.0)Follow-up time years, median {Q1-Q3};(Range: min-max)12.0 {5.0--20.0}; (0.0--35.0)12.0 {5.0--20.0}; (0.0--35.0)Male, *n* (%)503 (61.3)2495 (61.2)Age \< 5 years, *n* (%)359 (43.8)1787 (43.8)Redemption of prescription for acetylsalicylic acid within 90 days after inclusion246 (38.44) \*0Redemption of prescription for acetylsalicylic acid 90 days after inclusion0\*0Abbreviations: Q1--Q3: 25--75% percentiles\*Data are from 1995 and onwards, as the Danish National Prescription Registry began in 1995 and 246 of 640 cases from 1995 to 2015 redeemed a prescription for acetylsalicylic acid within the first 90 days after inclusion

All-cause mortality {#Sec9}
-------------------

During the study period, five (0.6%) patients died in the KD group, none of a presumed cardiovascular cause. The median time to death for the 5 patients in the KD group was 20 years compared with 14.5 years for the eight patients in the control group. The deaths consisted of intoxications and accidents, although one case was a sudden unexpected death in infancy, and one died due to complications to juvenile rheumatoid arthritis. In comparison, 8 (0.2%) individuals in the control group died, where one died from a presumed cardiovascular cause.

All-cause mortality was significantly higher in the KD group at 35 years of follow-up, HR 3.14 (95% CI 1.03--9.60, *P* = 0.045) but not at 10-, 20- or 30-year follow-up. The median time to death was 20 years (Q1-Q3, \[2--30\]) in the KD group and 14.5 years (Q1- Q3, \[3--17.5\]) in the control group. The median follow-up time at risk was 12 years in both groups.

Cardiovascular outcomes {#Sec10}
-----------------------

KD patients were more likely to be diagnosed with ischemic heart disease compared with the control group (10 (1.2%) vs. 6 (0.1%)). The risk was highest after 10 years of follow-up (HR 39.94(95% CI 5.00--319.28, *P* \< 0.001) and 20 years of follow-up (HR 44.96 (95% CI 5.70--354.85, *P* \< 0.001) but still significantly increased after 30 and 35 years of follow-up, HR 8.33 (95% CI 3.03--22.91, *P* \< 0.001) and HR 8.33 (95% CI 3.03--22.91, *P* \< 0.001), respectively. The median time to IHD was 0 years (Q1--Q3 \[0--10\]) in the KD group and 22 years (Q1--Q3 \[22--27\]) in the control group. The median follow-up time for the risk assessment was 12 years in both groups (Table [2](#Tab2){ref-type="table"}).Table 2Ischemic heart disease and all-cause mortalityOutcomeStatisticsKawasaki disease (*n* = 820)Matched controls (*n* = 4080)*P* valueIschemic heart disease (IHD)*n* (%)10 (1.2)6 (0.1)Time to diagnosis of IHDmedian {Q1--Q3}Range: (min-max)0.0 {0.0--10.0};(0.0--22.0)22.0 {21.0--27.0};(9.0--28.0)IHD 10-year riskHR (95% CI)39.94 (5.00--319.28)\< 0.001IHD 20-year riskHR (95% CI)44.96 (5.70--354.85)\< 0.001IHD 30-year riskHR (95% CI)8.33 (3.03--22.91)\< 0.001IHD 35-year riskHR (95% CI)8.33 (3.03--22.91)\< 0.001Follow-up time for risk of IHDmedian {Q1--Q3}Range: (min, max)12.0 {5.0--20.0};(0.0, 35.0)12.0 {5.0--20.0};(0.0, 35.0)All-cause mortality*n*, Kaplan--Meier estimate (%)5 (0.6)8 (0.2)Time to all-cause mortalitymedian {Q1--Q3}Range: (min, max)20.0 {2.0--30.0}; (0.0--33.0)14.5 {3.0--17.5};(1.0--21.0)All-cause mortality 10-year riskHR (95 % CI)3.33 (0.56--19.95)0.19All-cause mortality 20-year riskHR (95% CI)2.15 (0.56--8.31)0.27All-cause mortality 30-year riskHR (95% CI)2.51 (0.75--8.32)0.13All-cause mortality 35-year riskHR (95% CI)3.14 (1.03--9.60)0.045

Neither patients in the KD nor control group had any revascularization done during follow-up.

The risk of stroke was not significantly higher in the KD group after 10 years (HR 4.99 (95% CI 0.31--79.74, *P* = 0.26) 20 years (HR 1.43 (95% CI 0.30--6.87), *P* = 0.66), 30-year risk (HR 1.25 (95% CI 0.27--5.89), *P* = 0.78) or 35 years (HR 1.25 (95% CI 0.27--5.90)), P = 0.78), and the total event rate was below 3 patients in the KD group versus 8 in the control group).

Three patients in the KD group were diagnosed with mitral regurgitation compared with none in the control group. None were diagnosed with heart failure during follow-up.

Autoimmune disease and cancer {#Sec11}
-----------------------------

Patients with KD had a higher occurrence of autoimmune disease during follow-up, with 84 patients in the KD group (10.5% among 799 without prior autoimmune disease) and 162 (4.0% among 4050 without prior autoimmune disease) in the control group. The 10-, 20-, 30- and 35-year risks of being diagnosed with autoimmune diseases after the primary KD diagnosis were all significantly increased (Table [3](#Tab3){ref-type="table"}). The median time to autoimmune disease was 2 years (Q1--Q3 \[0--12\]) in the KD group and 12 years (Q1--Q3 \[5--19\]) in the control group. The median follow-up time at risk was 11 years in the KD group and 12 years in the control group. The KD group also had a higher occurrence of autoimmune disease prior to the KD diagnosis, 21 (2.6%) vs. 30 (0.7%).Table 3Autoimmune disease and cancer during follow-upOutcomeStatisticsKawasaki disease (*n* = 820)Matched controls (*n* = 4080)*P* valueAutoimmune disease prior to KD/inclusion*n* (%)21 (2.6)30 (0.7)Autoimmune disease after KD*n* (%)84 (10.5)162 (4.0)Time to diagnosis of autoimmune disease after KDMedian {Q1--Q3}Range: (min, max)2.0 (0.0--12.0);(0.0--28.0)12.0 (5.0--19.0);(0.0--35.0)\< 0.001Autoimmune disease 10-year riskHR (95% CI)4.23 (3.01--5.94)\< 0.001Autoimmune disease 20-year riskHR (95% CI)3.23 (2.44--4.29)\< 0.001Autoimmune disease 30-year riskHR (95% CI)2.83 (2.17--3.68)\< 0.001Autoimmune disease 35-year riskHR (95% CI)2.81 (2.16--3.66)\< 0.001Cancer after KD*n* (%)9 (1.1)20 (0.5)\_Time to diagnosis of cancer after KDmedian {Q1--Q3}Range: (min, max)10.0 (4.0--21);(0.0--24.0)13.5 (6.0--23.5);(1.0--32.0)\_Cancer 10-year riskHR (95% CI)2.80 (0.94--8.34)0.065Cancer 20-year riskHR (95% CI)2.16 (0.83--5.63)0.11Cancer 30-year riskHR (95% CI)2.42 (1.09--5.34)0.029Cancer 35-year riskHR (95% CI)2.30 (1.05--5.04)0.039

The occurrence and risk of cancer was increased in KD patients relative to controls, 9 (1.10%) vs 20 (0.49%), but the events appeared at a later stage (Table [3](#Tab3){ref-type="table"}). The median follow-up time was 12 years for both groups. All data regarding outcomes and events are shown in Table [2](#Tab2){ref-type="table"}.

Discussion {#Sec12}
==========

This registry-based, nationwide study of long-term outcomes of KD has three main findings: (1) KD patients have a higher risk of being diagnosed with IHD; however, none were revascularized; (2) the increased mortality risk among KD patients was caused by non-cardiovascular causes; and (3) KD patients had a highly significant risk of developing autoimmune diseases and cancer in the long term.

Treatment with IVIG and ASA has been standard in-hospital care in Denmark for decades, and these treatments represent the most important means to reduce the development of CAA and prevent cardiovascular death \[[@CR3], [@CR13]\]. However, we are still far from preventing coronary artery involvement in KD. A previous Danish registry study including a review of medical records for 284 KD patients overlapping with our study period (1996--2008) showed more than one in 10 children developed CAA despite 91.5% received IVIG treatment \[[@CR14]\]. Moreover, 19% developed CAA and 28% a cardiac complication in the UK and Ireland study even though 94% were treated with IVIG \[[@CR15]\]. So, a more specific immunotherapy may be warranted if the incidence of CAA in KD should be reduced \[[@CR16]\].

However, the long-term results in the present study indicate that the cardiovascular consequences of being diagnosed with IHD as a child with KD are not so dire. Even though a significant number of children were diagnosed with ischemic heart disease, we did not find any cardiovascular deaths among the KD patients, which indicated that aspirin and timely follow-up can prevent severe cardiovascular complications including the need for revascularisation.

The significantly higher risk of developing any autoimmune diseases in this cohort seems to link KD to a broader spectrum of autoimmunity. Few studies have previously shown a higher prevalence and risk of coeliac, allergy and atopy after KD \[[@CR17]--[@CR19]\], and our data strongly support these findings. The substantially shorter median time to an autoimmune diagnosis in the KD patients and the increasing HR at 30 and 35 years of follow-up indicate a link between KD and autoimmune disease. Moreover, the KD group had a higher occurrence of autoimmune diseases prior to the KD diagnosis, which may indicate that Kawasaki disease may be triggered by different potent viral agents in both children prone to or already suffering from autoimmune disease. The recent observations that link SARS Covid-19 and Kawasaki disease may be the consequences of pandemic exposure of a new virus that activates the immune system in children prone to abnormal autoimmune reactions \[[@CR20]\]. For these reasons, exact diagnosis and fast treatment of children suspected for KD is crucial to reduce the autoimmune response.

How autoimmunity and KD are linked is not known \[[@CR10]\]. The lack of an identified pathogen \[[@CR11]\], the different responses to KD depending on origin \[[@CR3]\], and the complex interplay between neutrophils, CD8+ T cells, dendritic cells, and monocyte/macrophages \[[@CR21]\] leave more questions than answers. Activation of the interleukin pathways is a part of the initial stages of the disease \[[@CR21]--[@CR23]\] in form of activated signalling pathways of the innate immune system (Interleukines-1, -6, -17A) \[[@CR23]\]. However, increased levels of immune complexes are also well described in KD patients suggesting a circulating or tissue antigen \[[@CR24], [@CR25]\]. So it seems that countless conceivable pathophysiological mechanisms exist and it is interesting to investigate whether this mysterious immune activation triggers autoimmunity on the long term or whether KD is a demonstration of the individual patient's autoimmune abilities. Our findings may therefore serve as an additional tool in understanding the aetiology behind KD but also change how we construct follow-up strategies for children with KD and potentially reduce the burden of autoimmune disease over time.

We also found that KD patients had a slightly higher risk of developing cancer in the very long term. However, the HRs were only significant after 30 and 35 years at risk. Cancer in KD patients has been described previously in a large registry-study including 3469 KD patients \[[@CR26]\]. The exact link between KD and cancer is not known, but there is a well-described association between autoimmunity and cancer \[[@CR27], [@CR28]\], so larger and more detailed studies are warranted to shed light on how the triad of KD, autoimmune disease. and cancer interacts.

Limitations {#Sec13}
-----------

This study has several limitations. Our study is observational, meaning that the associations we found may not be causal. Due to the registry-based design, potential outcomes could have been missed and therefore documented incorrectly, which could increase the risk of underdiagnosing outcomes. Moreover, mild cases may not have been diagnosed. Information regarding redeemed medication including ASA was only available from 1995 and onwards, meaning we do not know the extent of ASA treatment before 1995. Despite a relatively long study period, with a maximum of 35 years of follow-up time, for a select number of subjects, adverse cardiovascular events and deaths may occur after many years and our follow-up period may have been too short to fully capture all adverse events related to KD. Thus, this study should be repeated in the future when further follow-up time becomes available.

Conclusion {#Sec14}
==========

Patients diagnosed with KD had significantly more cardiovascular disease; however, only a slightly increased mortality rate driven by non-cardiovascular causes. There was a noticeably increased risk of developing autoimmune disease in patients with KD during childhood, which indicates that KD is linked to autoimmunity. The risk of cancer was also slightly increased, but not until 30 years of risk time.
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